We consider quasi-stationary two-dimensional magnetic reconnection in a partially ionized incompressible plasma. We find that when the plasma is weakly ionized and the collisions between the ions and the neutral particles are significant, the transition to fast collisionless reconnection due to the Hall effect in the generalized Ohm's law is expected to occur at much lower values of the Lundquist number, as compared to a fully ionized plasma case. We estimate that these conditions for fast reconnection are satisfied in molecular clouds and in protostellar disks.
Introduction
Magnetic reconnection plays a very important role in astrophysical plasmas. During the reconnection process magnetic energy is converted into plasma kinetic energy, thermal heat and acceleration of charged particles, and the topology of magnetic field lines is rearranged (Kulsrud 2005; Yamada et al. 2010) . Magnetic reconnection is believed to be the power source behind various astrophysical phenomena, such as solar flares and geomagnetic storms. Magnetic reconnection also frequently controls transport of charged particles and heat in interstellar and intergalactic media (Kulsrud 2005; Zweibel & Yamada 2009 ).
In order for reconnection to be the energy release mechanism in transient phenomena such as solar flares, it must be fast (Kulsrud 2005; Uzdensky 2007; Yamada et al. 2010) . Although slow reconnection is well explained by the SweetParker model for reconnection in highly conductive, hot plasmas (Sweet 1958; Parker 1963) , a common theoretical picture of fast magnetic reconnection has not emerged yet. A possible reason is that physical processes able to enhance dissipation in a reconnection layer and to cause fast reconnection are fairly complicated for a theoretical or experimental study. However, with development of supercomputers, considerable progress in understanding possible mechanisms of fast magnetic reconnection has been achieved by means of numerical simulations (Yamada et al. 2010) . In particular, one of the most important results that has been found both in simulations and in laboratory experiments is that in fully-ionized plasmas the transition from slow to fast reconnection occurs when the Sweet-Parker reconnection layer thickness becomes comparable to the ion inertial length, so that the Hall term in the generalized Ohm's law becomes important (for example, see Ma & Bhattacharjee 1996; Biskamp et al. 1997; Birn et al. 2001; Cassak et al. 2005; Drake & Shay 2006; Yamada et al. 2006) . Since this condition is equivalent to the collisional mean free path exceeding the length of the current sheet multiplied by (m e /m i ) 1/2 (Zweibel & Yamada 2009 ), this type of reconnection is also referred to as fast collisionless reconnection. Collisionless reconnection can occur in space plasmas, in the solar corona, and in hot accretion disks. It cannot occur in the interstellar medium, however, unless the reconnection layer is very short compared to macroscopic scales (Zweibel & Yamada (2009) ; see Section 6).
In many astrophysical systems, such as much of the interstellar medium and the solar chro-mosphere, the ionization fraction is low. Studies of collisional reconnection in partially ionized gases have revealed two effects which bear on the reconnection process. If ion-neutral collisions are sufficiently weak, the plasma and the neutrals decouple, so the reconnection speed is scaled by the Alfven speed V Ai ≡ B/ √ 4πρ i in the plasma alone, while in the strongly collisional case the relevant speed is the bulk Alfven speed V A = B/ √ 4πρ (Zweibel 1989) . Thus, reconnection with weak friction is faster than reconnection with strong friction by ρ/ρ i . A separate effect is the thinning of magnetic neutral sheets (Brandenburg & Zweibel 1994) , which can dramatically increase their merging rate (Heitsch & Zweibel 2003; Lazarian, Vishniac, & Cho 2004; Hillier, Shibata, & Isobe 2010) . It goes (almost) without saying that neutrals also affect the reconnection process by making the plasma more resistive. This is an important effect in the low chromosphere, in protostellar disks, and in the densest interstellar gas.
The onset of collisionless, or Hall, reconnection in partially ionized gases has not yet been examined. In this paper we derive the condition for a transition to fast reconnection in partially ionized plasmas and apply our results to reconnection in molecular clouds, protostellar disks, and the solar chromosphere. We anticipate that flares in protostellar disks will be observable with ALMA, and chromospheric flares with IRIS, making our results especially timely.
Our main results are as follows. When the Hall effect can be neglected, there are three regimes of reconnection in a weakly ionized gas, which we refer to as weak, strong, and intermediate coupling, respectively. When the ion-neutral collision frequency ν in , reconnection current layer length L, and plasma Alfven speed V Ai satisfy the inequality ν in L/V Ai < 1, the neutrals are decoupled from the reconnection process, and the reconnection rate is determined by the plasma parameters. When the neutral-ion collision frequency ν ni = ν in ρ i /ρ, layer length L, and bulk Alfven speed V A satisfy ν ni L/V A > 1, the neutrals move with the plasma and the reconnection rate is determined by the bulk parameters. In the third regime, the collisionality is intermediate, and dissipation by ion-neutral friction is especially strong. The first two cases were described in Zweibel (1989) , and all three are analogous to the regimes of MHD wave propagation in partially ionized gases (Kulsrud & Pearce 1969) .
The onset of Hall reconnection occurs in the weakly coupled regime just as it would for a fully ionized plasma (with resistivity modified by electron-neutral collisions). In the strongly coupled regime, however, while the Sweet-Parker layer is thickened by enhanced resistivity and reduced effective Alfven speed, the ion inertial scale can be increased even more, enlarging the parameter space for fast, Hall mediated reconnection. A similar enhancement of the Hall effect in weakly ionized systems has been seen in studies of the magneto-rotational instability in protostellar disks (Balbus & Terquem 2001; Salmeron & Wardle 2005) .
In the next section we present basic threefluid magnetohydrodynamics (MHD) equations for partially ionized plasmas. In Section 3 we discuss physical conditions in the interstellar medium (ISM). In Section 4 we derive equations that describe quasi-stationary magnetic reconnection in partially ionized plasmas. In Section 5 we find the solution of the equations and analyze it. Finally, in Section 6 we apply our results to magnetic reconnection in molecular clouds, protostellar disks, and the solar chromosphere.
As in many other studies of reconnection, we concentrate on the 2D case. We believe the three regimes of MHD reconnection discussed here -corresponding to weak, strong, and intermediate ionneutral coupling -are robust, as these have been found to describe many other MHD phenomena in weakly ionized media. The increase in the ion -electron decoupling scale due to increased effective ion mass is probably similarly robust. However, there are undoubtedly effects intrinsic to 3D which all 2D studies miss, and our work shares these limitations.
Basic three-fluid MHD equations
In this paper, except in the next section, we use the Heaviside-Lorentz rationalized physical units, in which the speed of light c and four times π are replaced by unity, i.e. c → 1 and 4π → 1. In order to convert our equations to the Gaussian centimeter-gram-second (CGS) units, the following substitutions should be made: magnetic
, and the proton electric charge e → √ 4π e/c. Let us consider a partially ionized, non-relativistic, quasi-neutral, incompressible three-component plasma, which is composed of electrons, singlecharged ions, and neutral particles. The momentum equations for these three components are (Braginskii 1965; Sturrock 1994) 
Here, for simplicity, we neglect electron inertia on the left-hand-side of eq. (1); n is the electron number density, equal to that of the ions in a quasineutral plasma; u, ρ and P are velocity, mass density and pressure respectively; we assume the pressure tensors are well approximated by scalars for all species. The subscripts and superscripts "e", "i" and "n" refer to the electrons, ions and neutral particles. The last two terms on the righthand-side of each of the eqs.
(1)-(3) represent the momentum exchange between the plasma components due to electron-ion, electron-neutral and ionneutral collisions with effective frequencies ν ei , ν en and ν in respectively. For simplicity, we neglect electron-electron, ion-ion and neutral-neutral collisions and the corresponding viscous forces. Also, in this study we neglect ionization and recombination processes, and, therefore, the densities
of the three plasma components are constant in the incompressible plasma case. Here m e , m i and m n are the electron, ion and neutral masses respectively, and n n is the neutral number density. The electric current is j = ne(u i − u e ), and, therefore, the electron velocity is
Substituting eq. (5) into eq.
(1), we obtain Ohm's law
where j × B/ne is the Hall term, and
Here η ei is the standard Spitzer resistivity (Sturrock 1994) , η en is the resistivity due to the electronneutral collisions, η is the total resistivity, and d e is the electron inertial length. The total resistivity η is enhanced over the Spitzer value by the electron-neutral collisions, as one expects. It will sometimes be useful to work with the electron collision time τ e ≡ (ν ei + ν en ) −1 . In terms of τ e ,
Next, we take the sum of equations (1)-(2) and use formula (5). As a result, we obtain the momentum equation for the ions:
Finally, we substitute eq. (5) into eq. (3) and rewrite the momentum equation for the neutrals as
Equations (6)- (10) together with the Maxwell equations are the basic three-fluid MHD equations for a partially ionized plasma. In addition to these equations, we note that in incompressible and nonrelativistic plasmas the velocities and the electric current are divergence-free, ∇ · u i = ∇ · u n = 0 and ∇ · j = 0.
Numerical Expressions for Parameters
Let us estimate the values of physical parameters in representative astrophysical plasmas. This is useful to motivate some approximations. In Section 6, we will apply the theoretical results of this study to the weakly ionized interstellar medium (ISM), protostellar disks, and the solar chromosphere. In this section we temporarily use the Gaussian centimeter-gram-second (CGS) physical units.
The ion-neutral, electron-neutral and electronion collisional frequencies are (Braginskii 1965; Draine et al. 1983) 
Here the frequencies are measured in inverse seconds (Hertz), the electron number density n is measured in cm −3 , and the electron temperature T is in Kelvins. We multiply the expression for ν in by a factor of four in making estimates for the solar chromosphere, due to its relatively large temperature (De Pontieu et al. 2001) . The total electrical resistivity of the magnetic field, given by eq. (7), is relatively small,
As a result, the characteristic Lundquist number
) is very large in cosmic plasmas,
Here L ext,AU is a characteristic system size in the astronomical units (AU), B ext,µG is the reconnecting magnetic field in microgauss (µG), m p is the proton mass, and velocity V Ai = B ext / √ 4πnm i is the Alfven velocity based on the ion density,
As we shall see below, it is useful to introduce the ion inertial length
; see the last of eqs. (7)]. Its approximate value is
Useful alternative expressions for S i and V Ai are
where ω ce = eB/m e c is the electron cyclotron frequency. Using eqs. (7) and (11), let us estimate the following important dimensionless ratios, which show the relative strength of particle collisions:
Equation (16) is an estimate for the ratio of the last two terms in eq. (3). We see that it is very small, unless the electron temperature is several millions degrees. Thus, due to relatively small electron mass, the effect that the neutral particles experience from their collisions with the electrons is typically negligible as compared to the effect from the ion-neutral collisions. In contrast, the relative strength of the electron-ion and electronneutral collisions, given by eq. (17), can be either large or small, depending on the density ratio ρ n /ρ i and on the electron temperature T . Therefore, the total resistivity η, given by eq. (7), can be dominated by either electron-ion collisions or by electron-neutral collisions in interstellar medium and in laboratory plasma experiments.
Reconnection equations
In this section let us derive equations that describe the magnetic reconnection process in partially ionized plasmas.
It turns out that, when inequality m e ν en ≪ m i ν in holds in a system undergoing magnetic reconnection [refer to eq. (16)], the electron-neutral collisions can be neglected in all equations, except in eq. (7) for the total resistivity. The proof is given in Appendix A. As a result, we can omit the terms proportional to the electron-neutral collision frequency ν en in eqs. (6), (9) and (10), and can rewrite these equations as
where the total resistivity η is given by eq. (7) and includes a contribution from electron-neutral collisions.
Let us now describe the reconnection layer, shown in Figure 1 . We assume the classical twodimensional Sweet-Parker-Petschek geometry for the reconnection layer. The layer lies in the x-y plane of the coordinate system, and the x-and yaxes are chosen to be perpendicular to and along the reconnection layer respectively. The z derivatives of all physical quantities are assumed to be zero.
The thickness of the reconnection current layer is 2δ, which can be formally defined by fitting the Harris sheet profile (B ext /δ)cosh −2 (x/δ) to the current profile j z (x, y = 0). The length of the reconnection current layer is 2L. Outside the reconnection current layer the z-component of the Ohm's law (18) reduces to E z = −(u e × B) z [see also eq. (5)], and, therefore, the magnetic field lines are frozen into the electron fluid. Thus, the reconnection current layer coincides with the electron layer, which is the region where the electrons are decoupled from the field lines.
The ion layer, which is the region where the ions are decoupled from the field lines, can be much larger. We use notations 2∆ i and 2L ext for the ion layer thickness and length, where L ext is also approximately equal to the external (global) scale of the magnetic field. We have ∆ i δ and L ext L. The region where the neutral particles are decoupled from the ions can be still larger than the ion layer.
The value of the reconnecting field B y in the upstream regions outside the reconnection layer (at x ≈ δ) is approximately equal to the value of the external (global) magnetic field B ext outside the ion layer, up to a factor of order unity. This can easily be seen from the definition of δ and from the Ampere's law z-component
The out-of-plane field B z is assumed to have a quadrupole structure (Drake & Shay 2006; Eastwood et al. 2007; Yamada et al. 2010; Zweibel & Yamada 2009 ). Finally, the reconnection layer is assumed to have a point symmetry with respect to its geometric center, point O shown of Figure 1 . As a result of reflection symmetries with respect to the x-and y-axes, the x-, y-and z-components of u, B and j have the following symmetries:
Here u is the velocity of any species. We extensively use these symmetries in the forthcoming analytical derivations, which are similar to the derivations in Malyshkin (2008) .
Let us list the assumptions that we make for the reconnection process in a partially ionized plasma. First, as we have already stated above, we neglect ionization and recombination processes. Second, we assume that the collision frequencies and resistivities η, η ei , η en are constant in space and time. We also assume that the characteristic Lundquist number S i is very large,
an assumption easily satisfied in cosmic plasmas [see eq. (12)]. Note that the Alfven velocity V Ai is calculated by using the ion density ρ i and the reconnecting magnetic field value B ext . Third, we assume that the reconnection process is stationary or quasi-stationary, so that all time derivatives can be neglected in all equations. This assumption means that the reconnection rate is slow sub-Alfvenic, E z ≪ V Ai B ext , and that there are no plasma instabilities in the reconnection layer. Fourth, we assume that the reconnection layer is thin, δ ≪ L and ∆ i ≪ L. This assumption is related to the previous assumption of slow reconnection because of the mass conservation condition for the plasma. Before we proceed with derivations of the reconnection rate it is convenient to introduce the following dimensionless parameters:
In eq. (22),ρ is the ratio of the densities of the neutrals and the ions. Equation (23) introduces the ion-neutral collision frequency, normalized by two times (∂ y u i y ) o . The latter is the ion acceleration rate ∂ y u i y calculated at the central point O (see Figure 1) . The parameterυ, defined by eq. (24), is approximately the ratio of the acceleration rates of the outflowing neutrals and the ions inside the reconnection current layer. Finally, the parameterγ, defined by eq. (25), is the normalized value of (∂ xy B z ) o that is the second order mixed derivative of the quadrupole out-of-plane field B z at the central point O. This parameterγ gives the approximate ratio of the Hall term j × B/ne and the −u i × B term that enter Ohm's law (18), inside the reconnection current layer. Thus, the Hall term is important whenγ 1. Note that all parameters (22)-(25) are non-negative. We will often replace derivatives by inverse length scales in estimating these parameters. Now let us use eqs. (18)- (20), the Maxwell equations and the incompressibility relations
to derive the formulas that we will later solve for the reconnection rate and other physical quantities. First, we use Ampere's law. The displacement current can be neglected in a non-relativistic plasma, therefore, we find
We can estimate the z-component of the electric current, j z , at the central point O as
where we use (
follows from the fact that δ is defined as the halfthickness of the j z profile across the reconnection layer. Faraday's law ∇ × E = −∂ t B for the x-and ycomponents of the magnetic field gives ∂ y E z = −∂ t B x = 0 and ∂ x E z = ∂ t B y = 0, where the time derivatives are neglected in the case of quasi-stationary reconnection. As a result, the zcomponent of the electric field E z is constant in space,
Here we use Ohm's law (18) to find the expression for E z . The reconnection rate is the rate of destruction of the magnetic flux,
is given by the value of E z at the central point O,
One of our goals is to find the value of the reconnection current j o and to calculate the reconnection rate given by eq. (30). With the time derivatives neglected, the zcomponents of the momentum equations (19) and (20) are
Calculating ∂ 2 /∂x 2 of these equations at the central point O, dividing the resulting expressions by 2ρ i (∂ y u i y ) o , and using eqs. (22)- (27), we obtain
Similarly, taking ∂ 2 /∂y 2 of equations (31) and (32) at the point O, we find
Equations (33)- (36) are two systems of two linear equations in each system for the unknown quan-
The determinant D + of system (35)- (36) is always positive, except for the trivial case when there are no collisions with the neutral particles (ν = 0). At the same time, the determinant D − of system (33)-(34) can be zero even whenν = 0. For now we will assume that D − is non-zero, the opposite case will be discussed below.
1 Next, we calculate the second-order derivatives ∂ 2 /∂x 2 and ∂ 2 /∂y 2 of equation (29) at the central point O, using the fact that E z is constant. We find
We rewrite these formulas by using eqs. (7), (22)- (27) and (37)- (40). We obtain
Taking the ratio of these two equations, we find
1 We shall see that the assumption D − = 0 is satisfied if ν ≪ 1 or ifν ≫ 1, the caseν ≈ 1 will be considered separately.
where we use eq. (28) and the estimates (
We again use these estimates and eq. (28), to rewrite equation (42) as
Here and below we neglect all factors of order unity. It is noteworthy that equation (45) 
, is equal to the electron velocity derivative because magnetic field lines are frozen into the electron fluid outside the reconnection current layer.
Now we use Faraday's law ∇ × E = −∂ t B for the z-component of the magnetic field. We have ∂ x E y −∂ y E x = −∂ t B z = 0, where the time derivative is neglected again. We substitute E x and E y into this formula from Ohm's law (18) and obtain
Calculating the ∂ 2 /∂x∂y derivative of this equation at the central point O and using equations (26), (27), (37) and (39), we obtain
To derive the final approximate expression, we use the estimates (∂ yy
we also use equations (7), (22)- (25) and we drop factors of order unity. In Appendix A we show that the last term in eq. (46) can be neglected (assuming D − = 0). As a result, dropping this term and using eqs. (21), (28), (44), we obtainγ
Next, we consider the acceleration of the plasma in the y-direction, along the reconnection layer. We calculate ∂/∂y of the y-components of the momentum equations (19) and (20) at the central point O, and, neglecting the time derivatives for a quasi-stationary reconnection, we obtain
In Appendix B we estimate the pressure terms and find that
where o{...} denotes terms that are small compared to the expression inside the brackets {...} in the case of a thin reconnection layer (δ ≪ L and ∆ i ≪ L). We substitute eqs. (50) and (51) into eqs. (48) and (49) and then use formulas (22)- (25), (27) . As a result, equation (49) becomes
while the sum of eqs. (48) and (49) gives
where we use eqs. (21) and (44). Equation (53) describes the increase of the total kinetic energy of the ions and neutrals due to the work produced by the pressure and magnetic forces during the plasma acceleration in the downstream regions. Note that parameterυ, given by eq. (24), must be non-negative (to be more precise, 0 ≤υ ≤ 1 must hold) because the neutral particles are dragged by collisions with the ions [see eq. (20)]. Therefore, the physically correct solution forυ of quadratic equation (52) is
where the final expression is a convenient simple estimate forυ. Let us now estimate the thickness ∆ i of the ion layer (see Figure 1) . Note that in the upstream region just outside the ion layer, at x ≈ ∆ i and y = 0, the electrons and ions are coupled together, the electric current is weak, the magnetic field lines are frozen into the electron-ion fluid, and eq. (29) reduces to
where
is the reconnection velocity. It is the velocity with which magnetic field lines and magnetic energy are carried by the plasma into the reconnection region.
Next, let us consider the thickness ∆ n of the region where the neutral particles are decoupled from the ions. If the neutrals and ions strongly collide and move together,υ = 1, they are coupled everywhere, and ∆ n is not defined. If the neutrals and ions are not fully coupled andυ < 1, a reasonable definition of ∆ n is based on the location upstream where the inflow velocities of the neutrals and ions become comparable. Namely, u n x ≈ u i x at x ≈ ∆ n and y = 0. Unfortunately, we cannot estimate ∆ n defined this way by using our local, analytical approach. This is because the profile of the neutrals inflow velocity u n x as a function of x is unknown in the upstream region outside the ion layer (i.e. at x ∈ [∆ i , ∆ n ]).
2 Finding this profile requires full solution of the governing PDEs. Instead, we suggest a simple estimate ∆ n , based on a dimensional analysis, as follows. First, let us note that the effective collision frequency for the neutrals is ν ni = ν in /ρ, which is obtained by comparing the first and the last terms in eq. (20). Second, the neutrals achieve their maximal inflow velocity around the edge of the ion layer, |u (24) and (26)]. Now, we can make an estimate ∆ n ≈ |u (23) and (54)]. Fortunately, the exact value of ∆ n does not directly influence the recon-2 Note that if the ions and neutrals are weakly coupled and if the ion pressure force can be neglected, then the ion velocity u i x ∝ x −1/3 at x ∈ [∆ i , ∆n] (Heitsch & Zweibel 2003 ). However, the neutrals pressure force cannot be neglected because otherwise the inflow velocity of the neutrals would be much larger than eq. nection rate and other important physical parameters, calculated below.
In the end of this section let us estimate the energy dissipation rate due to the ion-neutral collisions, which heat the ions and the neutrals. The dissipation rate per unit time, per unit volume
3 Therefore, the total dissipation (per unit time, per unit length in the z-direction) inside the upper right quarter of the ion layer is Q in = L 0 ∆i 0 q in dx dy. The flux of the (electro)magnetic energy supplied into the ion layer is given by the x-component of the Poynting vector, (E × B) x . Therefore, the total magnetic energy supplied per unit time, per unit length in
The ratio of the dissipated and supplied energy rates is
Here, to obtain the penultimate expression, we use estimates (u (24) , (26)]; to obtain the final expression, we use inequality ∆ i ≪ L, eqs. (21), (23), (53), (55), and we neglect factors of order unity. Note that, due to eq. (54), Q in /E m 1, as one expects. We also see that Q in /E m increases with collisionality for smallν, reaches a peak value that is around unity as collisionality increases, and then declines again asṽ → 1.
Solution
We solve the nine equations (28), (30), (44), (45), (47), (53)- (56) for nine unknowns:
For the presentation of the solution, it is convenient to express resistivity η and ion density ρ i in terms of 3 To derive this formula, add together eq. Lundquist number S i , Alfven velocity V Ai , field B ext and scale L ext , see eq. (21). It is also helpful to express the ion charge density ne in terms of the ion inertial length d i ,
¿From eqs. (41) and (54), we find that D − = √ρν ifν ≪ 1, and D − = −ρνυ ifν ≫ 1. Thus, if ν ≈ 1, then condition D − = 0 is satisfied, and the solution is
Here we definem, which is the factor by which the ion particle mass is effectively increased due to the ion-neutral collisions (as we shall see below). We also introduce u i out , which is the ion outflow velocity in the downstream region outside the reconnection layer (i.e. at x = 0 and y ≈ L). Note that eq. (69) essentially represents the mass conservation law for the ions. Let analyze the above solution for the casẽ
which holds for molecular clouds, protostellar disks, and the solar chromosphere.
4
Depending on the value of parameterν, we have the following cases for magnetic reconnection.
The first case is whenν ≪ 1, and, as a result,m = 1 in eqs. (59)-(70). In this case the ion-neutral collisions are negligible because their frequency is very small compared to the ion inflow and outflow rates,
The ion-neutral coupling is weak. The neutral particles carry a negligible fraction of the total plasma kinetic energy, ρυ 2 ≈ν ≪ 1. Energy dissipation due to the ionneutral collisions is very small, Q in /E m ≪ 1 in eq. (57).
The second case is whenν ≫ 1, and, therefore,m ≫ 1 [assuming eq. (71) holds]. In this case the ion-neutral collisions significantly influence the reconnection process because their frequency is large,
The neutral particles carry most of the plasma kinetic energy in this case,ρυ 2 ≫ 1. There is significant energy dissipation Q in ≈ E m due to ion-neutral collisions if 1 ≪ν ρ and the ion-neutral coupling is intermediate (υ < 1). However, ifν ≫ρ and the ion-neutral coupling is strong (υ = 1), this dissipation is negligible, [see eqs. (54) and (57)].
In the caseν ≫ 1, the ion-neutral collisions result in an effective increase in the mass m i of the ion particles by factorm. This is because equations (60), (62)- (68), (70) can be obtained from the corresponding equations in whichm is replaced by unity, by making the following substitutions:
In the limiting case of strong coupling when ionneutral collisions are extremely frequent,ν ≫ρ andm =ρ, the neutral particles are well coupled to the ions and move together,υ = 1 and u n = u i (also Q in ≪ E m ). In this case the neutrals and ions behave as a single fluid of density ρ i + ρ n = (1+ρ)ρ i ≈ρρ i , and (∂ y u
These theoretical results are in good agreement
with recent numerical simulations of reconnection in solar chromosphere (Smith & Sakai 2008) , and with previous theoretical studies (Zweibel 1989; Zaqarashvili et al. 2011) .
The last case for magnetic reconnection left to consider is whenν ≈ 1. In this case the determinant D − of the system of equations (33)- (34) is close to zero, and we find from this system that (∂ xy B z ) o ∝γ is also close to zero. As a result, higher order Taylor expansion terms have to be included into our derivations in order to estimate the physical quantities inside the reconnection layer in a mathematically rigorous way. Fortunately, we do not need to go through these tedious calculations. Instead, we note that solution (59)- (70) is continuous atν ≈ 1. Therefore, the caseν ≈ 1 is not special, eqs. (59)- (70) still hold, and the approximate solution in this case is similar to that in the weak coupling caseν ≪ 1 because in both cases m ≈ 1.
Next, depending on the value of the Lundquist number S i , there are two distinct reconnection regimes that the solution (59)- (70) 
√m (i.e. when δ computed from the classical Sweet-Parker theory is larger than d im 1/4 ), a modified SweetParker reconnection regime takes place, for which
The difference between this regime and the classical Sweet-Parker reconnection (Sweet 1958; Parker 1963 ) is that in the former the ion particle mass m i is effectively increased by the factorm due to ion-neutral collisions.
Second, there is a Hall reconnection regime when Unfortunately, our approach does not allow us to calculate the reconnection layer length L in the Hall regime. However, similar to Malyshkin (2009 Malyshkin ( , 2010 , a plausible conjecture can be made that the above Hall reconnection regime represents a transition to fast collisionless reconnection, during which the reconnection (electron) layer thickness δ decreases from d p to the electron inertial length d e . This conjecture is based on numerical simulations, theory, laboratory and space observations of magnetic reconnection in fully ionized plasmas (e.g., Biskamp et al. 1997; Shay et al. 1998; Pritchett 2001; Cassak et al. 2005; Wygant et al. 2005; Daughton et al. 2006; Drake & Shay 2006; Karimabadi et al. 2007; Drake et al. 2008; Ji et al. 2008; Yamada et al. 2010) . Note that at the onset of Hall reconnection the layer length is L ≈ L ext ; the transition to fast collisionless reconnection is accompanied by shrinking of L relative to L ext .
When the layer thickness δ reaches d e , electron inertia effects become important. In this study we omitted electron inertia, and, therefore, we cannot describe this fast reconnection regime, which we plan to consider in the future. At the present time, the important result for an application to astrophysical systems is that the Hall term becomes important in the generalized Ohm's law, the onset of Hall reconnection occurs, and a transition to fast collisionless reconnection happens when
Here δ SP ≡ L ext / √ S i is the classical Sweet-Parker reconnection layer thickness, andν is given by eq. (60) with L ≈ L ext for the onset of Hall reconnection. It is important that, ifν ≫ 1 and ρ ≫ 1, then the Lundquist number value at which the transition to fast reconnection occurs is much lower than the corresponding value for the fully ionized plasma caseν = 0.
Using eq. (15), eq. (72) can be recast as
for the onset of Hall reconnection. Let us now analyze the onset of Hall reconnection in terms of the global scale L ext . Refer to eqs. (8), (60) 
Discussion
Let us apply our results to magnetic reconnection in molecular clouds, protostellar disks, and the solar chromosphere.
Using eqs. (11)- (14), we make the following estimates
Here, as in Section 3, characteristic scale L ext is in the astronomical units (AU), magnetic field B ext is in microgauss (µG), electron number density n is in cm −3 , and temperature T is in Kelvins. Parameterν is calculated by substituting L = L ext into eq. (60) and using eq. (74) (recall that L ≈ L ext for the onset of Hall reconnection).
The second column in Table 1 lists the typical values of physical parameters in molecular clouds, taken from McKee et al. (1993) , and the corresponding values of d i , S i ,ρ,ν,ν/ρ, η en /η ei and δ √m we see that in molecular clouds the ions and neutrals are typically strongly coupled, and condition (72) for the onset of fast magnetic reconnection can be satisfied.
For the protostellar disks, we assume the following dependence of physical parameters on the disk radius r, which is measured in the astronomical units (Wardle 2007) . The neutral number density is n n ≈ 5.8 × 10 14 r −11/4 AU cm −3 , the electron number density is n ≈ 10 −12 n n , the temperature is T = 280 r −1/2 AU K, the characteristic length L ext ≈ h ≈ 0.03 r
5/4
AU AU (equal to the disk vertical scale h), and the magnetic field B ≈ 0.2 r −5/4 AU G (based on a theoretical estimation of the angular momentum transport in the disk). Taking 0.1 AU r 100 AU , we obtain the values reported in the third column of Table 1 . We see that there is a strong ion-neutral coupling at small radii and intermediate ion-neutral coupling at large radii. Condition (72) for onset of fast reconnection can again be satisfied.
In the solar chromosphere, on the other hand, the width of the Sweet-Parker layer generally far exceeds the ion skin depth, meaning that conditions for fast Hall-mediated reconnection are unfavorable (see the last column in Table 1 ). This is due to the relatively high density and high level of ionization compared to the other two systems discussed here.
We conclude that fast collisionless magnetic reconnection may indeed be possible in partially ionized plasmas in molecular clouds and in protostellar disks.
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A. Equations with the electron-neutral collisions included
In this appendix we prove that, if m e ν en ≪ m i ν in , then the terms that are related to the electron-neutral collisions and are proportional to ν en can be neglected in the reconnection equations, except in eq. (7). While some of these terms are clearly small, for example ρ e ν en ≪ ρ i ν in in eqs. (9) and (10), it is not immediately clear that other terms can be omitted. A rigorous proof requires deriving general equations with electronneutral collisions included, and then showing that these terms are negligible. The general equations can be useful for the case when electron-neutral collisions are significant, as long as electron inertia can be neglected.
5 To save space, we do not give all details of the derivations, which are tedious but straightforward to carry out along exactly the same guidelines that are thoroughly described in the main text. Instead we give only the key formulas and results. Also, below we prove that the last term in eq. (46) can be neglected if D − = 0.
For brevity of notation, we assume that spatial derivatives are to be calculated with respect to all indices that are listed after the comma signs in the subscripts, e.g. u p y,y ≡ ∂ y u p y and B z,xy ≡ ∂ xy B z . With the electron-neutral collisions included into derivation, it is convenient to replace eq. (23) bỹ
Here,ν e /ν i ≪ 1 follows directly from m e ν en ≪ m i ν in , whileν eγ /ν i ≪ 1 can be used because we are interested in the conditions for a transition to fast collisionless reconnection atγ ≈ 1 (see Section 5).
With the electron-neutral collisions included, eqs. (21), (22), (24)- (28), (55) and (56) are unchanged. Equation (29) becomes
We see that equation (30) stays the same. Equations (37)-(40) become
where D ± is still given by eq. (41) withν defined by eq. (A1) now. We assume that D − is non-zero (the case D − = 0 is discussed in Section 5). Equations (42) and (43) become
Taking the ratio of these two equations, we obtain a general version of eq. (44):
We can rewrite eq. (A3) in an approximate form that corresponds to eq. (45),
Next, with the electron-neutral collisions included, eq. (46) becomes
Finally, eqs. (52) and (53) becomeρυ
respectively [also refer to eqs. (B11) and (B12)]. The parameterυ must be non-negative, therefore, the physically correct solution of eq. (A8) is
Next, let us use inequalityν e /ν i ≪ 1 or, equivalently,ν e /ν ≪ 1 to simplify the above equations. We still assume that D − , given by eq. (41), is not close to zero, and, therefore, |D ± | ≈ρυ +ν(1 +ρυ). We havẽ
As a result of inequalities (A2) and (A11), equations (A5), (A6), (A9) and (A10) reduce to equations (44), (45), (53) and (54) respectively. Henceforth, we can use the latter instead of the former, except for calculations of 1 −υ for which the more accurate equation (A10) should be used when 1 −υ ≪ 1. Now, the only proof left to do is to show that eq. (A7) reduces to eq. (47). This proof is done as follows. Using eqs. (21), (28), (44) and (A11), we rewrite eq. (A7) as
Let us estimate the ratio of the last term and the first term on the left-hand-side of eq. (A12),
Here we use eqs. (45) and (53) to obtain the second expression; we use an estimate |D ± | ≈ρυ +ν(1 +ρυ) ≥ ρυ(1 +ν) to obtain the third expression (assuming D − = 0); and we use estimatesν < (1 +ν) 2 , 1 +γ ≥ 1 andρυ 2 ν [see eq. (54)] to obtain the final result. Thus, the last term on the left-hand-side of eq. (A12) can be neglected because it is comparable to the first term or smaller.
Next let us prove that the second term, η en (1 −υ)(u Here we use eqs. (4) and (7) to obtain the second expression; we use eqs. (21) and (A1) to obtain the third expression; and we use eq. (53) and inequalityν e ≪ν to obtain the final result. Second, the ratio of the second and the first terms in eq. (A12) is
In the caseν ρ(1 +ν eγ )/ν, from eq. (A10) we findυ ≈ (ν +ν eγ )/ρ and 1 −υ ≈ 1. Therefore, ν(1 −υ)/(1 +ρυ 2 ) ≈ν/(1 +ν +ν eγ ) 1 in eq. (A13). Thus, in this case the term η en (1 −υ)(u i y,y ) o can be neglected in eq. (A12) because this term is small in comparison with the term B 2 ext /n 2 e 2 L 2 .
In caseν ≫ρ(1 +ν eγ )/ν, from eq. (A10) we obtainυ ≈ 1 and 1 −υ ≈ −ν eγ /ν +ρ/ν. We substitute 1 −υ ≈ −ν eγ /ν into eq. (A14) and find |1 −υ|/γ ≈ν e /ν ≪ 1. We also substitute 1 −υ ≈ρ/ν into eq. (A13) and obtainν(1−υ)/(1+ρυ 2 ) ≈ρ/(1+ρ) < 1. Therefore, the term η en (1−υ)(u 
These equations reduce to eqs. (50) and (51) when the terms associated with the electron-neutral collisions and proportional to ν en are neglected. Note that the term B 
